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Conformational Selection and Allosteric Regulation upon Ligand Binding
in G-Protein Coupled Receptors
Michiel J.M. Niesen, Supriyo Bhattacharya, Nagarajan Vaidehi.
Beckman Research Institute of City of Hope, Duarte, CA, USA.
G-protein coupled receptors (GPCRs) are allosteric membrane proteins mediating
cellular signaling. GPCRs exhibit multiple inactive and active conformations, and
the population balance between these conformations is altered uponbindingof sig-
nalingmolecules (or ligands).However, the nature of the conformational ensemble
or the mechanism of the conformational transitions is not well understood. We
have applied amultiscale computational approach combining a coarse-graineddis-
crete conformational sampling method with fine-grained molecular dynamics to
investigate the effect of various ligands binding on the ensemble of conformations
sampled by human b2-adrenergic receptor (b2AR). We show that the receptor, in
the absenceof any ligand, samples an extensive conformational space that includes
breathing of the orthosteric ligand binding site and shear motion of the transmem-
brane helices 5 and 6 against the other helices. The shear motion is similar to the
reorganization of the intracellular regions of TM3, TM5, and TM6 observed in
the crystal structure of the active state of GPCRs. Upon ligand binding a shift in
population density, as well as a reduction in the number of conformations sampled
by the receptor is observed. Binding of agonist norepinephrine or partial agonist
salbutamol leads to the selection of a subset of conformations that include both ac-
tive and inactive state conformations, while inverse agonist carazolol selects only
the inactive state conformation. Possible mechanisms for the allosteric regulation
of GPCR activity by ligand binding were identified by correlating receptor-ligand
interactionswith receptor sidechainorientationnear theG-Protein coupling region.
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Refining Protein Interaction Networks with Protein Structure and Kinetic
Modeling
Margaret E. Johnson, Gerhard Hummer.
National Institutes of Health, Bethesda, MD, USA.
Protein interaction networks build off both high-throughput and curated exper-
imental data to provide a global picture of the complex and interconnected
functional pathways in the cell. However, these networks represent only
a time averaged snapshot of the dynamic cellular environment where it is diffi-
cult to assess the strength, frequency, anduniqueness of pairs of bindingpartners.
We demonstrate through computational modeling and network analysis how
a protein’s position in a network and the overall topology of the network can in-
fluence the number of interfaces the protein uses, its binding equilibrium, and its
concentration. Our systematic analysis provides a practical tool for improving
the details presented in a protein interaction network and therefore better char-
acterizing the dynamics of the protein interactions. This analysis also presents
a means for predicting false negatives in small networks. Our model of protein
interactions explicitly accounts for the ability of proteins to form nonspecific
complexes through transient encounters in the crowded cellular environment.
Thiswork further supports the hypothesis that the need to suppress nonfunctional
interactions acts as a control on the types of protein interaction networks and the
relative concentration of proteins observed in cellular compartments.
Platform: Calcium Fluxes, Sparks, and Waves
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Inositol 1,4,5 Trisphosphate Receptor Type 1 (IP3R1) Activate Ryanodine
Receptor (RyR1) to Mediate Ca2D Spark Signaling in Adult Mammalian
Skeletal Muscle
Andoria Tjondrokoesoemo, Na Li, Zui Pan, Christopher J. Ferrante,
Noah Weisleder, Jianjie Ma.
UMDNJ, Piscataway, NJ, USA.
The functional coupling between IP3R andRyR1 in skeletalmuscle have not been
extensively studied. Ca2þ sparks, a RyR1-dependent Ca2þ release events are
rarely observed during resting condition in adult mammalian skeletal muscle
due to the inhibitory function of the EC-coupling machinery. Previously we
showed that membrane deformation elicited by osmotic stress generated robust
Ca2þ sparks that are restricted to the periphery of sarcolemma in skeletal muscle.
Here we tested the hypothesis that lipid signaling mediated by membrane defor-
mation activates Ca2þ release from IP3R that subsequently leads to activation of
neighboringRyR, producing robust and localizedCa2þ spark events. Immunohis-
tochemical staining showed that IP3R1 and IP3R2 were localized along the sub-
sarcolemma region, coinciding with the distribution of Ca2þ sparks in skeletal
muscle. It is known that transient exposure of cells to osmotic stress could elevate
PI(4,5)P2 and IP3 levels inside the cell. Pharmacological interventions blocking
the activation of IP3R suppress the osmotic-stress induced Ca
2þ spark events in
skeletal muscle. Using the IP3R2
-/- mice, we showed that stress-induced Ca2þ
sparkswas not affected, suggesting that the type 2 IP3R is not involved in theonsetof Ca2þ sparks in skeletal muscle. Specific silencing of the type 1 IP3R from the
wild type or the IP3R2
-/- mice led to complete ablation of the stress-induced Ca2þ
sparks in skeletal muscle. Overall, our findings reveal a functional coupling be-
tween IP3R1and RyR1 in regulating intracellular Ca
2þ signaling in skeletal mus-
cle. The stress inducedCa2þ sparks likely involve a cross-talk between IP3R1 and
RyR1, which must overcome the inhibitory action of the EC coupling machinery
at resting condition that is essential for the tight control of muscle contraction.
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Role of Cytoplasmic Buffers in Spatial HD-Ca2D Interactions in Ventric-
ular Myocytes
Pawel Swietach1, Jae-Boum Youm1,2, Noriko Saegusa3, Chae-Hun Leem2,
Kenneth W. Spitzer3, Richard D. Vaughan-Jones1.
1Burdon Sanderson Cardiac Science Centre, Oxford University, Oxford,
United Kingdom, 2Department of Physiology, University of Ulsan College of
Medicine, Ulsan, Korea, Republic of, 3Nora Eccles Harrison Cardiovascular
Research and Training Institute, University of Utah, Salt Lake City, UT, USA.
Cytoplasmic Ca2þ is modulated by Hþ-ions. We investigated the relationship be-
tween intracellular pH (pHi) anddiastolic or restingCa
2þ ([Ca2þ]dia) in confocally-
imaged rat myocytes loaded with Fluo-3 (Ca2þ) or cSNARF-1 (pHi). Intracellular
release of Hþ-ions from a membrane-permeant weak-acid (80mM acetate) or
photo-labile caged Hþ-compound (2-nitrobenzaldehyde) produced a rise in
[Ca2þ]dia. This rise was restricted spatially to the acid-microdomain formed by
Hþ-release. The resulting cytoplasmic Ca2þ-gradient was maintained for the life-
time of the underlying pHi-microdomain, but could be dissipated by AM-loaded
BAPTA (a Ca2þ-buffer). The spatial Hþ-Ca2þ interaction was not abolished by
removal of extracellular Naþ or Ca2þ, or by exposure to thapsigargin (10mM),
caffeine (10mM), bafilomycin (5mM), glycyl-L-phenylalanine 2-naphthylamide
(100mM)or ruthenium-360 (10mM).However, inhibitionofmitochondrial respira-
tionwithFCCP(1-5mM), rotenone (10mM),myxothiazole (10mM),or ofglycolysis
with deoxyglucose (2mM), reduced theHþ-evoked [Ca2þ]dia-rise in amanner that
correlated with the decline of [ATP] (luciferase assay). We conclude that the
Hþ-evoked Ca2þ-rise is not due to extracellular Ca2þ-influx, or Ca2þ-release
from organelles. It most likely arises from competitive Ca2þ/Hþ-binding to cyto-
plasmic buffers, someofwhich are diffusivelymobile and therefore engage in spa-
tial Ca2þ/Hþ exchange, resulting in recruitment of Ca2þ to acidic microdomains.
We therefore investigated the in vitro pH-sensitivity of Ca2þ-binding to a range of
known cytoplasmic buffers, using Hþ-uncaging in agar-set mixtures. We find
that histidyl-dipeptides (e.g. carnosine) and ATP are the myocyte’s principal
pH-sensitivemobile Ca2þ-buffers. Involvement of Ca2þ-bound ATP confersmet-
abolic sensitivity to the cytoplasmic Hþ-Ca2þ interaction. Results indicate that
cytoplasmic pHi-microdomains, formed during membrane H
þ- or weak-acid
transport will generate Ca2þ-microdomains. These may help to compensate for
the reactive effects of Hþ-ions on Ca2þ-dependent protein function. Supported
by the British Heart Foundation, NIH and Royal Society.
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Calcium Handling Derangement is Associated with Conditional Cardiac
Myosin Binding Protein C Knock Out
Erin M. Capes, Randall Loaiza, Peter P. Chen, Daniel P. Fitzsimons,
Hector H. Valdivia, Richard L. Moss.
University of Wisconsin-Madison, Madison, WI, USA.
Themajorityof sudden cardiac arrest (SCA) inyoungpeople is attributable toher-
itable cardiomyopathy (HCM), a relatively common disease affecting 1 in 500 in-
dividuals. The preponderance of HCM-associated mutations has been identified
in sarcomeric proteins, particularly b-myosin heavy chain and cardiac myosin
binding protein-C (cMyBP-C, encoded by MYBPC3). cMyBP-C, an accessory
protein that binds tightly to myosin, has an important role in thick filament regu-
lation. Explantedhearts fromMYBPC3-nullmice exhibit greater susceptibility to
arrhythmias thanwild-type (WT), which is suggestive of Ca2þ dysregulation.We
investigated this possibilitywith tamoxifen-induced conditionalMYBPC3knock
out mice (cKO), which enabled us to examine possible molecular mechanisms of
the disease in the relative absence of hypertrophic remodeling. First, the propen-
sity for spontaneous Ca2þ release was greater in cKO-CMs than in WT-CMs,
suggesting alterations in intracellular Ca2þ handling. In line with this notion,
cKO-CMs displayed dramatic prolongation of the time constant (t) of transient
decay (mean 217 5 18 msec for cKO-CMs vs. 107 5 4 msec in WT CMs)
and increased diastolic signal. Additionally,Western blots revealed downregula-
tion of NCX, SERCA, and pentameric PLN–the net effect of which would be to
slow the resequestration of Ca2þ into the sarcoplasmic reticulum while prevent-
ing depletion of SR Ca2þ stores. Further, as a consequence of the [Ca2þ]i alter-
ations or secondary to MYBPC3 knockout, cell shortenings were impaired in
cKO-CMs (reduced by as much as 54% versus WT-CMs), while amplitude
was significantly depressed (over 20% lower than WT-CMs). Lastly, Langen-
dorff perfused cKOhearts exhibited electrical instability,whichwas not observed
in WT hearts. These maladaptive alterations, as demonstrated in our single cell
Monday, February 27, 2012 227aand whole heart experiments, inherently predispose toward arrhythmia and may
explain the susceptibility of HCM sufferers to SCA.
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Normal and Abnormal Ca Cycling during Rapid Pacing and the Develop-
ment of Triggered Waves in Dog Left Atrial Myocytes
J. Andrew Wasserstrom1, Jonathan M. Cordeiro2, Benjamin Toren1,
Manvinder S. Kumar1, Aaron Kunamalla1, James E. Kelly1, Rishi Arora1,
Gary L. Aistrup1.
1Northwestern University, Chicago, IL, USA, 2Masonic Medical Research
Laboratory, Utica, NY, USA.
Although there have been a number of studies of Ca cycling in atrial myocytes,
few have investigated the effects of rapid pacing on Ca cycling, as would occur
during atrial fibrillation (AF). We investigated subcellular Ca cycling during
rapid pacing in left atrial myocytes using high resolution confocal imaging in
order to study rate-dependent changes in Ca cycling that might occur during
AF. Myocytes were isolated from dog left atrium, loaded with fluo-4AM and
studied during pacing at basic cycle lengths ranging from 5000-200msec
(36oC). Myocytes showed a positive force-frequency relationship and normal
rapid restitution. However, at BCL%300, Ca transient magnitude abruptly de-
creased[GLA1] and multiple Ca waves developed during rapid pacing. Many
waves were very large in magnitude and comparable to that inducible by caf-
feine. These triggered waves only develop during stimulation and are absent at
rest. Triggered wave frequency and velocity both increased with rate and with
increasing diastolic Ca levels. We also found this highly unusual Ca wave be-
havior in myocytes of intact dog left atrium during rapid pacing, underscoring
the fact that this form of Ca wave behavior is not unique to isolated myocytes
and occurs in normal atrium. Our results demonstrate that Ca cycling becomes
highly abnormal at high heart rates and is characterized by highly fragmented
Ca waves that occur at a high frequency. It is likely that these forms of Ca dys-
regulation could contribute to Ca overload and triggered activity during AF.
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Calcium Spark and Wave Behavior in the Intact Rat Heart
Brian M. Hagen, W.J. Lederer.
University of Maryland, Baltimore, Baltimore, MD, USA.
Spontaneous Ca2þ release from the sarcoplasmic reticulum and subsequent
activation of Ca2þ-sensitive conductances have been postulated as mechanisms
to develop arrthymogenic ectopic ventricular beats. Previous studies investigat-
ing subcellular Ca2þ signaling in the whole-heart have been limited by low tem-
poral and/or spatial resolution. To overcome these obstacleswe used an ultra-fast
confocal microscope to image the epicardial surface of a Langendorff-perfused
heart loadedwith the Ca2þ indicator fluo-2.Myocardiumdisplayed normal Ca2þ
transients when paced at low frequencies, and sub-cellular alternans at high fre-
quencies (>5Hz). Importantly a pause in the pacing protocol unmasked the de-
velopment of Ca2þ sparks and spark-triggered Ca2þ waves. The abundance of
pause-dependent Ca2þ sparks andwaves increasedwith pacing frequency.Occa-
sionally during the pause after rapid pacing, spiralCa2þwaves could be observed
in a small population of myocytes. Attached figure shows a single myocyte (cell
borders indicated by a solid line, top-left) with time; fluorescence depicted on
inverted grayscale.
The dotted line high-
lights the spiral Ca2þ
wave. This study pro-
vides new information
on rate-dependent
Ca2þ instability in nor-
mal rat hearts and lays
the foundation for in-
vestigations of Ca2þ
instabilities due to ge-
netic and acquired
heart diseases.1147-Plat
Characteristics and Mechanisms of Fluid Pressure-Induced Ca2D Waves
in Atrial Myocytes
Sun-Hee Woo, Joon-Chul Kim.
Chungnam National University, Daejeon, Korea, Republic of.
There is intriguing clinical evidence for a predisposition to atrial fibrillation by
regurgitant jets of blood in patients with mitral valve incompetence. To under-
stand molecular and cellular basis for the fluid pressure (FP)-induced atrial ar-
rhythmias we used fluid-jet that mimics the regurgitant jet in the valve
disease, and investigated local and global Ca2þ signaling in single rat atrial my-
ocytes. FP of ~7 dyne/cm2 enhanced Ca2þ sparks and Ca2þ microwaves with
higher potency in the peripheral sites than in the central sites. Higher strengthof FP (12-16 dyne/cm2) elicited global Ca2þwaveswith two different spatiotem-
poral patterns: one with longitudinal propagation and the other with transverse
propagation. Atrial cells exposed to FP showed one of the two waves or both.
The FP-induced transverse wave was similar to action potential (AP)-triggered
Ca2þ wave. FP-induced longitudinal waves was significantly slower than the
transverse waves and always originated from focal Ca2þ signal occurring at
a central site located at one fifth of the cell length. Both types of FP-induced
waves were dramatically inhibited by the blocker of inositol 1,4,5-trisphosphate
receptors (IP3Rs), 2-APB (3mM).U73122 (5mM), the inhibitor of phospholipase
C (PLC), also suppressed both types of FP-induced waves, while its inactive an-
alogue U73343 did not inhibit them. A slight gradual increase in the background
Ca2þ level and enhancement of spark occurrenceswere continued to be observed
in 2-APB- or U73122-treated cells under FP. Inhibition of Naþ-Ca2þ exchange
(NCX) using KB-R7943 (0.5 mM) eliminated FP-induced transverse waves but
significantly enhanced FP-elicited longitudinalwaves. These results suggest that
FP may activate PLC and IP3Rs, thereby triggering focal Ca
2þ release-derived
global waves. We also propose that peripheral Ca2þ increase during FP may
activate the forward mode of NCX, triggering AP-induced transverse wave.
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Stretch Dependent XROS Signaling: RapidMechanotransduction in Heart
Benjamin L. Prosser1, Christopher W. Ward2, Brian Hagen1,
Ramzi J. Khairallah1, W. Jonathan Lederer1.
1University of Maryland School of Medicine, Baltimore, MD, USA,
2University of Maryland School of Nursing, Baltimore, MD, USA.
Control of cardiac Ca2þ release is critical for the regulation of contraction and
maintenance of electrical activity. We have recently identified a provocative
new signaling pathway, termed ‘‘X-ROS’’ signaling, that regulates normal
Ca2þ release in healthy heart cells, but whichmay drive pathologic Ca2þ release
in disease (Prosser et al., Science, 2011). The novel signaling arises from the
physiological lengthening of heart cells (i.e. a stretch), such that occurs during
diastolic filling. This stretch triggers the generation of reactive oxygen species
(ROS) by the enzyme complex NADPH oxidase-2 (NOX2). NOX2 is found at
the surface sarcolemmal membrane and in the transverse tubules of heart cells,
closely opposed to Ca2þ release channels (ryanodine receptors, or RyR2s) in the
junctional sarcoplasmic reticulum.A stretch-dependent process activatesNOX2
production of ROS (‘‘X-ROS’’ signaling), which reversibly oxidizes nearby
RyR2s. X-ROS oxidation ‘‘tunes’’ the sensitivity of the RyR2s, resulting in an
increase in the Ca2þ spark rate and enhancement of Ca2þ signaling. This process
is defective in the fatal muscle disease Duchenne Muscular Dystrophy (DMD),
and likely contributes to abnormal Ca2þ signaling in DMD.
Our recent results suggest that during a sustained stretch of a cardiomyocyte, there
is a rapid, yet transient (~15s) elevation of ROS production that subsides over the
duration of stretch. However, during repetitive cyclical stretch, such as occurs dur-
ing the cardiac cycle, a new level of steady-state ROS production is achieved and
maintained. This suggests that the level of steady state ROS generation in the cell
maybe graded bydiastolic length, or pre-load. Thisfinding has key implications for
the role of redox signaling andoxidative stress in cardiac patho/physiology.Current
work is aimed at investigating how this process operates in the intact, beating heart.
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Sarcoplasmic Reticulum Calcium Depletion Waves in Vascular Smooth
Muscle Cells: An Inside View of Spatiotemporal Calcium Regulation
Mitra Esfandiarei, Yohan Choi, Arash Y. Tehrani, Jeremy G. Hoskins,
Nicola Fameli, Cornelis van Breemen.
University of British Columbia, Vancouver, BC, Canada.
We present results from a novel study of Ca2þ waves in vascular smooth
muscle cells using a sarcoplasmic reticulum (SR)-targeted Ca2þ indicator
that specifically binds to the luminal protein calsequestrin.
Agonist-stimulated waves of elevated cytoplasmic calcium concentration reg-
ulate blood vessel tone, and vasomotion in vascular smooth muscle. Previous
studies employing cytoplasmic calcium indicators revealed that these calcium
waves are generated by a combination of inositol 1,4,5-trisphosphate (IP3) and
calcium-induced calcium release (CICR) from the SR. Our findings confirm
that these waves are due to regenerative CICR by the receptors for IP3 (IP3R).
The main new finding from our bservations is a transient elevation in luminal SR
Ca2þ concentration ([Ca2þ]_SR) both at the site of wave initiation, just before re-
generative Ca2þ release commences, and at the advancingwave front, duringwave
propagation. This strongly suggests a role of [Ca2þ]_SR in activation of IP3R.
In addition, we find that these depletion waves are characterized by a decreasing
velocity as they progress. We developed a quantitative diffusional model to an-
alyze this finding and conclude that the gradual decrease in the velocity of the
SR Ca2þ depletion wave, observed in the absence of external calcium, indicates
continuity of the lumen of the sarcoplasmicreticulum network.
Finally, our observation that the depletion wave was arrested by the nuclear
envelope may have implications for selective Ca2þ signalling.
